Abstract-This paper describes a data mining approach for improving the accuracy of aerosol retrieval algorithms. The approach was applied on 1,722 collocated MODIS and AERONET observations over the western part of the continental United States. Neural networks were trained to predict AERONET Aerosol Optical Thickness (AOT) using attributes derived from observations made by MODIS instrument onboard the TERRA satellite. The results showed that neural networks provide more accurate retrievals than the operational MODIS algorithm. A study of differences between neural networks and the MODIS algorithm revealed useful information that can help domain scientists improve quality of the MODIS algorithm.
INTRODUCTION
Aerosols are small particles emanating from natural and man-made sources that both reflect and absorb incoming solar radiation. One of the biggest challenges of current climate research is to characterize and quantify the effect of aerosols on the Earth's radiation budget [1] . There are two major types of instruments that collect aerosol data: (1) satellite instruments, such as AVHRR-2, GOME, TOMS, PONDER, MISR, and MODIS [2] ; and (2) ground-based instruments, represented by AERONET [3] , a global network of about 180 operational sun/sky radiometers. Satellite instruments provide global coverage with high spatial resolution, relatively low temporal resolution and moderately accurate retrievals. AERONET has limited spatial coverage, relatively large temporal resolution and highly accurate retrievals. As a result, AERONET is often used to validate satellite-based retrievals.
Since 2000, the MODIS instrument aboard the TERRA satellite represents a major source of high-quality aerosol information. Operational MODIS aerosol retrieval algorithm is an inverse operator of a high-dimensional non-linear function derived from forward-simulation models according to the domain knowledge of aerosol physical properties. It derives the aerosol optical thickness (AOT) by matching the observed spectral reflectance at the top of the atmosphere to the simulated values in lookup tables. Validation studies show that AOT retrieval by MODIS is more accurate over ocean areas than over land [4] . The main sources of retrieval errors are the separation of surface and atmospheric components of the observed radiances, the inaccuracies in the forward model, and inversion errors. Some sources of retrieval uncertainties, such as the presence of bright surfaces or cloud-contaminated scenes, are inherent to the system and cannot be corrected, while others, such as imperfections in the retrieval algorithm, are correctable. A major challenge for aerosol scientists is to understand the primary sources of correctable retrieval errors and to use this knowledge in the improvement of retrieval algorithms. The goal of this study is to explore if data mining can help in that regard. We developed data mining tools to test if MODIS aerosol retrieval over land can be improved and, if so, to identify conditions over which the improvements are possible.
Our approach has two main components: 1) use neural networks to learn relationships between MODIS observations and AOT; 2) use decision trees to detect conditions when the neural network is more accurate than MODIS retrievals. A neural network that has been trained in the first step is a completely data-driven retrieval algorithm, as opposed to the model-driven MODIS operational algorithm. The drawback of neural network retrieval is that it can be accurate only over the conditions similar to those represented by training data. As such, neural networks are not a completely viable alternative to model-driven retrieval algorithms. However, if neural networks can achieve higher retrieval accuracy over the selected set of conditions, this provides a clear signal that the accuracy of a model-driven algorithm can be improved. Decision trees developed in the second step should help identify such conditions.
II. DATA SETS AND METHODOLOGY

A. Data Sets
AERONET radiometers measure AOT in 10 spectral bands between 340nm and 1640nm in regular intervals during a day. We obtained Level 1.5 cloud-screened AERONET data for 15 sites in the western continental United States (see Figure 1 and Table 1 ) during the three-year period between 2002 and 2004. The MODIS instrument has a single camera observing radiances over 36 spectral bands between 410nm and 14µm at three different spatial resolutions (250m, 500m, 1km) [5] . MODIS has a swath width of 2330km and it achieves the global coverage every 1-2 days.
We collected MODIS radiance, cloud cover, and aerosol data that are spatially and temporally collocated with the AERONET observations. Upon merging, a total of 1,722 spatially (within 0.15°) and temporally (within 90′) collocated observations from MODIS and AERONET were available for our study. More specifically, each of the 1,722 observations corresponded to a spatial block of dimension 0.30°×0.30° surrounding an AERONET site. The observation was counted if the block contained at least one non-cloud pixel, if MODIS AOT retrieval was available, and if at least one AERONET measurement was available within 90 minutes of the satellite overflight. For each observation we collected the following information:
1. Average and minimum radiances over the cloud-free pixels within a block for the 7 lowest wavelengths (0.47 -2.1µm). We note that the 7 lowest wavelengths are also used in the MODIS operational aerosol retrieval algorithm [6] ; 2. Average radiance uncertainties for the 7 lowest wavelengths over the cloud-free pixels; 3. 5 Angles (Solar zenith angle, Solar azimuth, Sensor zenith, Sensor azimuth, Scattering angle); 4. Fraction of cloud-free pixels within the block; 5. Fraction of cloud-free pixels over water, land, desert areas; 6. Average AERONET AOT retrieved within 90 minutes of the satellite overflight. Since AERONET does not provide AOT retrieval at 470nm wavelength, it was estimated by logarithmic interpolation of AERONET AOTs at 440nm and 675nm. 
B. Data-Driven AOT Prediction
The basic assumption in this study is that AERONET AOT retrievals are highly accurate and that they could be used as a proxy to the ground truth. This assumption is supported by the previous results that show that AERONET retrievals are up to 5 times more accurate than MODIS retrievals [7] . Here, we constructed neural networks that predict AERONET AOT at 470 nm (listed as 6. above) based on the MODIS attributes (listed as 1. -5. above). The constructed attributes contain basically the same information as the MODIS operational retrieval algorithm. With such attribute choice we were able to get an objective estimate of the possible improvements that could be achieved by modifying the existing algorithm.
In our experiments, we used feedforward neural networks with a single hidden layer with 10 sigmoid neurons and a linear neuron at the output. The accuracy was estimated by 3-cross validation. In each of the 3 rounds of cross validation a neural network was being trained on two-year data and tested on data from the remaining year; the procedure was repeated 3 times, each time using a different year as the test set. Prediction accuracy was evaluated by the correlation coefficient between predictions and AERONET AOT observations (CORR), and by the root mean square error (RMS).
C. Decision Tree Analysis of MODIS Retrieval Errors
Given the neural network predictions on test data, we compared retrieval errors of neural networks and the MODIS algorithm in an unbiased fashion. Specifically, we labeled the data where neural network predictions are significantly more accurate than those of the MODIS algorithm as positives, labeling the remaining data as negatives. If we could discriminate between positives and negatives, this would indicate that the accuracy of MODIS algorithm could be improved. In this study, we trained decision trees for the discrimination task. The advantage of decision trees is that by the analysis of rules that they generate, we could understand what retrieval scenarios lead to the highest improvements of the retrieval accuracy.
We used the following 14 attributes in decision tree training: average MODIS AOT uncertainty at 470nm (A1), average retrieved MODIS AOT at 470nm and 660nm (A2-A3), minimum radiances for the 7 lowest wavelengths (A4-A10), fraction of non-cloud pixels (A11), fraction of pixels over three different surface types (Water, Land, Desert) (A12-A14). Since MODIS provides one retrieval for each 10km×10km region, and there are several such regions within a block, the MODIS AOT was calculated as the average of all MODIS AOT retrievals within the block. Table 2 compares the accuracies of the MODIS algorithm and neural network predictors after the 3-cross-validation experiment. As seen, based on the root mean squared error (RMS) accuracy measure, neural networks are almost twice as accurate as the MODIS algorithm. Through the careful inspection of scatter plots in Figure 2 .a (AERONET AOT vs. MODIS AOT) we observe a strong bias in MODIS algorithm that tends to overestimate the AOT values. On the other hand, The correlation coefficient (CORR) accuracy measure neglects the bias term. This measure is reasonable since the bias term can be easily corrected. The overall CORR accuracy of neural network predictors (CORR = 0.662) is slightly better than that of the MODIS algorithm (CORR = 0.640). Both RMS and CORR results indicate that MODIS algorithm could be further improved.
III. RESULTS
It is interesting to observe the year-by-year fluctuations in the accuracy of both retrieval algorithms. While these fluctuations are quite significant, the difference between the MODIS algorithm and neural networks is fairly consistent.
In Table 3 we summarize seasonal variations in prediction accuracy. The largest difference between the MODIS algorithms and neural networks occurred between January and March, while in the remaining months, the difference in CORR accuracy was rather small. It is also interesting to observe that the CORR accuracy of both retrieval algorithms was lower during winter months. On the contrary, the RMS measure indicates the decreased accuracy during the summer months. This phenomenon is explained by the fact that AOT values are significantly larger during summer months.
Finally, we explored the influence of surface types on the retrieval accuracy. The results indicate that neural networks are the most beneficial over a desert surface. These results are explained by the increased surface reflectance of desert areas. From previous studies, it is known that the MODIS algorithm is the least successful over the bright areas. Our results suggest that it should be possible to significantly improve MODIS retrieval accuracy over bright desert areas. The question we posed next was: "Could we explain situations where neural networks are significantly more accurate than the MODIS algorithm?" To answer this question, we labeled the data where neural networks are at least 3 times more accurate than MODIS algorithm AND error of MODIS retrieval is larger than 0.05 as positives, and the remaining data as negatives. A decision tree classifier was constructed on such data, and the result was ( Table 5 ) that it can discriminate between positives and negatives with 73.1% accuracy, which was above 57.6% accuracy of a trivial predictor (since there were 57.6% of positives). These results indicate that it is possible to obtain a partial understanding of conditions in which the MODIS algorithm can be improved. In Figure 3 , we show an initial portion of the resulting decision tree that had a total of 104 nodes. Analysis of the initial portion of the decision tree reveals that the MODIS algorithm can be improved in cases when MODIS AOT retrieval has high values, when the Angstrom exponent is large, and when over areas contaminated with clouds or over desert areas.
IV. CONCLUSIONS
We proposed a data mining method to help aerosol scientists with the improvement of the MODIS operational retrieval algorithm. The results over the western continental United States during the period 2002-2004 provide strong indications to suggest that the MODIS aerosol retrieval accuracy could be significantly improved. Moreover, experiments with decision trees provided valuable clues about the conditions in which potential for the improvement was the greatest.
